Aims Post-traumatic osteomyelitis (PTO) is difficult to diagnose and there is no consensus on the best imaging strategy. The aim of this study is to present a systematic review of the recent literature on diagnostic imaging of PTO. Methods A literature search of the EMBASE and PubMed databases of the last 16 years (2000-2016) was performed. Studies that evaluated the accuracy of magnetic resonance imaging (MRI), three-phase bone scintigraphy (TPBS), white blood cell (WBC) or antigranulocyte antibody (AGA) scintigraphy, fluorodeoxyglucose positron emission tomography (FDG-PET) and plain computed tomography (CT) in diagnosing PTO were considered for inclusion. The review was conducted using the PRISMA statement and QUADAS-2 criteria. Results The literature search identified 3358 original records, of which 10 articles could be included in this review. Four of these studies had a comparative design which made it possible to report the results of, in total, 17 patient series. WBC (or AGA) scintigraphy and FDG-PETexhibit good accuracy for diagnosing PTO (sensitivity ranged from 50-100%, specificity ranged from 40-97% versus 83-100% and 51%-100%, respectively). The accuracy of both modalities improved when a hybrid imaging technique (SPECT/CT & FDG-PET/CT) was performed. For FDG-PET/CT, sensitivity ranged between 86 and 94% and specificity between 76 and 100%. For WBC scintigraphy + SPECT/ CT, this is 100% and 89-97%, respectively. Conclusions Based on the best available evidence of the last 16 years, both WBC (or AGA) scintigraphy combined with SPECT/CT or FDG-PET combined with CT have the best diagnostic accuracy for diagnosing peripheral PTO.
Introduction
Post-traumatic osteomyelitis (PTO), also known as 'fracturerelated' osteomyelitis, is a feared complication for its difficult recognition, significant treatment duration and high recurrence rate. Infection can present acutely in the first few weeks after internal fixation, in a delayed manner with low-grade infection or late with infected non-union or persistent infection after fracture healing [1] [2] [3] . The incidence of deep infection after surgical fracture care is relatively high (between 1 and 19%) [4] [5] [6] , depending on trauma-related risk factors such as contaminated open fractures, damage control procedures and concomitant soft tissue injuries. Early treatment of an acute infection can prevent progression to established PTO but this condition still affects 2-4% of all patients undergoing an open reduction and internal fixation of an open or closed fracture [7] .
The key for a successful treatment of PTO is a prompt and accurate diagnosis. However, this diagnostic process in particular is challenging [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Many imaging modalities such as magnetic imaging resonance (MRI), three-phase bone scintigraphy (TPBS), white blood cell (WBC) scintigraphy, antigranulocyte antibody (AGA) scintigraphy, fluorodeoxyglucose positron emission tomography (FDG-PET) and plain computed tomography (CT) are frequently used for diagnosing or excluding this condition. In the past 10 years, there has been a huge development in new camera systems, combining nuclear medicine techniques such as single-photon emission computed tomography (SPECT) and PET with radiological techniques such as CT and MRI. Although these hybrid camera systems (SPECT-CT, PET-CT or PET-MRI) may lead to better localisation of the infection and, as a consequence, to better diagnostic accuracy rates, their diagnostic value for PTO has not yet been established [19] [20] [21] .
The aim of this study is to present a systematic review of the recent literature (from 2000 to 2016) on imaging techniques to diagnose PTO.
Materials and method
The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement [22] and its BExplanations and Elaboration^ [23] were the guidance for this systematic review.
Search strategy
Following the recommendations of the Cochrane collaborations, a computerised literature search in the PubMed and Embase databases was conducted. Included were articles in any language published between January 1 st 2000 and December 31 st 2016. Search terms (Table 1) were defined by two authors with the assistance of a professional information retrieval specialist. The Cochrane Library [24] was checked for reviews on diagnostic imaging modalities for osteomyelitis. In addition, references of included studies and of relevant review articles, editorials and/or commentaries of the last 16 years were scrutinized for additional articles to be included.
Study selection
Emphasis in this review is on patients suffering from osteomyelitis of the peripheral skeleton that emerged after trauma-related injuries. Depending on the type of injury and previous treatment strategies, these could be implantassociated infections or not. For this reason, articles reporting on diagnostic medical imaging techniques for other types of bone or non-trauma-related infections were excluded. This review does not include cases of haematogenous osteomyelitis. The inclusion and exclusion criteria (Table 2 ) are in line with endpoints used in earlier meta-analyses on this topic [17, 25] . Only studies investigating widely available diagnostic imaging tests for osteomyelitis-which are TPBS, WBC (or AGA) scintigraphy, FDG-PET, MRI and CT scan-were eligible for this review. This study is limited to PTO of the peripheral skeleton as the upper and lower limbs are the most commonly affected anatomical regions. Furthermore, some diagnostic nuclear imaging modalities have limitations in imaging the axial skeleton, as tracers may behave differently and WBC scintigraphies are more difficult to interpret because high uptake of WBCs in the liver, spleen and bone marrow may obscure the specific uptake [19, 26] . Therefore, osteomyelitis of the axial skeleton was not assessed in this review. No concessions were made for non-trauma-related studies. Due to our desire to include the most relevant papers, we did allow a low number (<15%) of trauma-related prosthetic joint infections (PJI) and non-peripheral PTO sites provided that this was clearly stated by the authors and the data could not be extricated otherwise. If applicable, this is mentioned explicitly in the results section of this paper. The procedure for inclusion of studies was based on the recommendations by Van Tulder et al. [27] . 
Methodological quality assessment
The qualitative assessment of the study design was perf o r m e d a c c o r d i n g to t h e Q U A D A S -2 ( Q u a l i t y Assessment of Diagnostic Accuracy Studies, version 2) criteria as recommended by the Cochrane Institute . QUADAS-2 is a tool for the assessment of studies of diagnostic accuracy included in systematic reviews and consists of four domains: patient selection, index test, reference standard and flow and timing [28] . Each domain is assessed in terms of risk of bias, and the first three domains are also assessed in terms of concerns regarding the applicability of a study. Authors were contacted when information regarding the quality of the study was not provided in the articles.
Data extraction
The following data was extracted from all relevant papers: 1) author and journal; 2) year of publication; 3) type of study; 4) number of patients with PTO; 5) type of imaging modality; 6) gold standard; 7) data regarding diagnostic accuracy of the imaging modality for PTO; and 8) study limitations. 
Source of funding
No external funds were received in support of this study.
Results

Included studies
A total of 4363 articles that met the initial search criteria were identified in PubMed (n = 1846) and Embase (n = 2517). The Cochrane Library contained four entries on imaging osteomyelitis; these were all meta-analyses of which two dealt with diabetic feet [29, 30] , one with chronic, mostly post-traumatic osteomyelitis [17] and one with osteomyelitis of unspecified aetiology [25] . Screening of the reference lists of these and other relevant articles found in PubMed [8, 9, 15, 18, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] yielded 18 additional studies. After removal of duplicates (n = 1023), 3358 unique publications remained and were screened on title and abstract by two authors. This resulted in 141 titles, which were subsequently retrieved with the full text. The eligibility of each article was established by a group discussion until consensus was reached. One hundred and twenty-seven 1) The study must evaluate the accuracy of radiological and nuclear imaging modalities for diagnosing PTO.
2) The study group must be at least 10 patients of 18 years and older with (suspected) PTO. In case of a mixed population, the data for this subgroup must be available independently.
3) The studied location must be in the peripheral skeleton.
4) The study must use a valid reference test (osteomyelitis was proven histologically and/or bacteriologically, and/or there was a clinical follow-up of at least 6 months in which no signs or symptoms of chronic infection were described).
5) Studies must provide sufficient details to construct a 2 x 2 contingency table expressing the results of the index tests by the disease status.
6) The study must investigate a commonly used diagnostic imaging test for PTO. These are conventional X-ray, CT, MRI, WBC scintigraphy/AGA scintigraphy (+/-SPECT/CT), bone scintigraphy (+/-SPECT/CT) and FDG-PET (+/-CT).
Exclusion Criteria 1) Non-human studies.
2) Studies that investigate non-trauma-related osteomyelitis (such as osteomyelitis due to spondylodiscitis, diabetic feet, haematogenous dissemination and pressure ulcers).
3) Studies that investigate a not commonly used diagnostic imaging test [such as articles were excluded for specific reasons ( Fig. 1) . Eventually, 14 studies remained for further analysis [21, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] and underwent qualitative assessment according to the QUADAS-2 criteria by two authors (Table 3 ). This resulted in four more exclusions [50, 51, 56, 57] . For this process, additional information was obtained by email from two corresponding authors [52, 55] . Finally, 10 studies [21, [45] [46] [47] [48] [49] [52] [53] [54] [55] remained for inclusion in this systematic review. The inclusion process is summarized in Fig. 1 . [45, 49, 52] , and one study focused on CT [46] . A schematic overview of the included studies is presented in Table 4 . Due to the relatively small numbers of included studies and heterogeneity in applied diagnostic protocols, thresholds and cut-off points, pooling of data was not appropriate. Hence, results of individual studies are presented (Table 5 ).
Study quality
Three-phase bone scintigraphy
All three studies addressing the value of three-phase bone scintigraphy for diagnosing PTO are comparative studies [45, 49, 52] . Ballani et al. [45] compared three-phase 99m
Tc-methylene diphosphate (MDP) bone scintigraphy with 99m Tchexamethylpropylene amine oxime (HMPAO) WBC scintigraphy. They studied a total of 24 patients of whom 10 patients were suspected of suffering from PTO; all TPBS results in this study were abnormal of which four were false positive. Kaim et al. [49] compared the value of combined TPBS/AGA scintigraphy with MRI for diagnosing PTO in a retrospective series with a highly selective patient group (19 suspected sites in 18 patients all with [52] performed TPBS as a selection tool for continuing with a WBC scintigraphy (which was subsequently performed in 28 patients of whom 19 had 21 suspected sites of PTO). All 19 PTO patients had a positive result, of which only 4 were true positive.
Overall, the sensitivity of TPBS was high (ranging from 89 to 100%), but the specificity was low (0 to 10%; Table 5 ). The other accuracy measures showed that bone scintigraphy without additional imaging has low diagnostic value for detecting PTO.
WBC scintigraphy/AGA scintigraphy
The WBC scintigraphy and AGA scintigraphy studies are discussed together as both visualize the leukocyte infiltration within the patient. In WBC scintigraphy, the autologous WBCs of patients are collected, labelled ex vivo and subsequently reinjected. In AGA scintigraphy commercially available labelled monoclonal antibodies against the granulocytes are directly injected and bind in the patient to the leucocytes. Five suitable studies [21, 45, 47, 49, 52] were identified addressing the value of WBC or AGA scintigraphy (two studies combined with SPECT/CT [21, 47] ) for diagnosing PTO.
Ballani et al. [45] compared 99m
Tc-HMPAO WBC scintigraphy with TPBS in a group of 24 patients with a clinical suspicion of osteomyelitis (of whom 10 were suspected with PTO). A limitation of this study is that their acquisition protocol consisted of a rather high dose of injected 99m Tc compared to current standards [47, 58] and they did not perform dual-time point imaging (images 2-4 h and 20-24 h after reinjection). Glaudemans et al. [47] described the results of 99m Tc-HMPAO WBC scintigraphy in a large retrospective study with 297 patients with various musculoskeletal infections (of whom 49 patients had suspected PTO). Labelling protocols were in accordance with current EANM guidelines [58] and scans were acquired correctly with imaging at two time points. Diagnosis was confirmed by microbiology in 13 cases. Clinical follow-up of at least 6 months confirmed mainly negative cases in all other patients (additional information obtained from the author).
A prospective study by Horger et al. [21] of 27 patients undergoing scintigraphy with technetium-99 m-labelled AGA combined with SPECT/CT in 25 patients for 27 suspected PTO sites (including one non-peripheral location) and 2 suspected PJI is reported. This focused specifically on the added value of CT with SPECT. Sensitivity was identical for WBC scintigraphy with SPECT alone and combined SPECT/CT (both 100%), whereas adding CT to SPECT improved the specificity from 78% to 89%. Kaim et al. [49] , in a previously mentioned retrospective study, compared the validity of combined TPBS/ 99m
Tc-labelled AGA scan with MRI for diagnosing PTO (18 patients, 19 infected peripheral sites). In this paper, the accuracy of the nuclear imaging was presented as a combined value for the TPBS and the AGA scan together. Again, imaging was only performed at one imaging time point (17 h after injection), which is a major limitation of this study. Finally, Meller et al. [52] reported on a comparative prospective study ( 111 In WBC scintigraphy versus FDG-PET) with 30 consecutive chronic osteomyelitis patients of whom 19 PTO patients had 21 suspected infected sites in the peripheral skeleton.
Overall, sensitivity of WBC and AGA scintigraphy ranged from 50 to 100%, and specificity ranged from 40 to 97% (Table 5 ). LR+ ranged from 1.30 to 33.33 and LR-values of 0.56 and 0.57 were found. These results indicate strong to convincing diagnostic evidence of WBC and AGA scintigraphy to accurately detect, and weak evidence to exclude, PTO. However, one should bear in mind that the labelling procedures, acquisition protocols and interpretation criteria of the WBC/AGA scintigraphy might be different between some 'dedicated' centres, which can have some impact on the results. DOR values of 2.32 and 7.46 were calculated, showing that the odds of obtaining a positive test result was 2.32 to 7.46 times higher in a person with PTO than in a person without PTO. Additionally, the studies that used SPECT/CT in combination with WBC (or AGA) scintigraphy reported higher diagnostic accuracy.
FDG-PET (/CT)
Six studies [46, 48, [52] [53] [54] [55] were included addressing the value of FDG-PET in diagnosing PTO, three combined with CT [48, 54, 55] . Goebel et al. [46] prospectively investigated the diagnostic value of FDG-PET in 48 patients with peripheral PTO Abbreviations: PPV: positive predictive value, NPV: negative predictive value, LR+: positive likelihood ratio, LR-: negative likelihood ratio, DOR: diagnostic odds ratio, NE: not estimable, n.a.: not applicable. The studies utilizing SPECT/CT or PET/CT are marked in blue.
and compared this with CT (n = 22) and MRI (n = 18). Hartmann et al. [48] prospectively investigated 33 patients with FDG-PET/CT for suspected PTO, of which 23 had suspected PTO of the peripheral skeleton. Three patients in this study had a (suspected) trauma-related PJI. Meller et al. [52] prospectively compared FDG-PET with 111 In WBC in 30 consecutive patients (of whom 19 were suspected of having peripheral PTO in 21 limbs) by using a dual-head coincidence camera. Schiesser et al. [53] prospectively analysed 17 patients with 20 suspected peripheral PTO sites using FDG-PET. Shemesh et al. [54] retrospectively looked at implantrelated infections of the tibia in 10 patients investigated with FDG-PET/CT. Wenter et al. [55] reported the largest and most recent series of patients with PTO. They retrospectively reviewed the contributions of FDG-PET (n = 84) and FDG-PET/CT (n = 131) in a total of 215 patients with suspected PTO. If combined with CT, this was performed in the majority of patients with a full dose CT (n = 130) and with IV contrast (n = 106). The inclusion period was between 2000 and 2013; none of the patients had obvious signs of infection, 12 patients had suspected PJI and 12 non-peripheral suspected PTO sites were included.
Overall, sensitivity ranged from 83 to 100%, and specificity ranged from 51 to 100% (Table 5 ). The other measures showed moderate to strong diagnostic evidence of FDG-PET for either detecting or excluding PTO. Moreover, when the FDG-PET was combined with PET/CT, the diagnostic accuracy measures increased significantly.
MRI
Two studies were included addressing the value of MRI in diagnosing PTO [46, 49] , both with a comparative design. In the study of Goebel et al. [46] , MRI [Tesla (T) strength not reported] was performed in 18 of 50 patients with suspected PTO. Kaim et al. [49] carried out a retrospective study comparing the value of a combined TPBS/AGA scan with a 1.5-T MRI for diagnosing PTO in a highly selective patient group (19 suspected sites in 18 patients all with long-standing PTO). All patients had T1-weighted images, 6/18 had T2-weighted images with fat suppression and 12/18 had T2-weighted images without fat suppression. All 18 had gadolinium enhancement. The third included study that describes the results of MRI for imaging PTO is the study by Meller et al. [52] . Unfortunately this study could not be included in this review for the results of the MRI because only seven patients with PTO of the peripheral skeleton underwent an MRI. Also, the authors used MRI as an adjudicator when no histology was available; therefore, sensitivity and specificity of the MRI for PTO was not evaluated in this paper and could not be calculated from the data given.
Overall, sensitivity values of 82 and 100% and specificity values of 43% and 60% were found in the studies of Goebel et al. [46] and Kaim et al. [49] , respectively ( Table 5 ). The other measures showed weak evidence of MRI for diagnosing or excluding PTO.
CT
Only one study addressed the value of CT scanning in diagnosing PTO (Goebel et al. [46] ). Unfortunately, the technical aspects (number of slices and slice thickness) of the CT scan used in this study are not reported. For the 22 patients with suspected PTO who were analysed with CT, they found a sensitivity of 47% and a specificity of 60% (Table 5 ). The other measures showed weak diagnostic evidence of CT for diagnosing or excluding PTO.
Discussion
Based on the best available evidence over the last 16 years, as presented in this paper, both WBC (or AGA) scintigraphy and FDG-PET have the best diagnostic accuracy for diagnosing or excluding peripheral PTO. The sensitivity for WBC (or AGA) scintigraphy ranged from 50 to 100%, and specificity ranged from 40 to 97%. For FDG-PET, this was 83 to 100% and 51% to 100%, respectively. Moreover, the studies, which combined the WBC/AGA scintigraphy with SPECT/CT [21, 47] or the FDG-PET with PET-CT [48, 54, 55] (which is in line with current practice) showed an increase in the diagnostic accuracy measures. For FDG-PET/CT, sensitivity ranged between 86 and 94% and specificity between 76 and 100%. For WBC scintigraphy + SPECT/CT this is 100% and 89 -97% respectively. These results do partly concur with the previous reported accuracy on diagnostic imaging of chronic osteomyelitis by Termaat et al. [17] . They included in their metaanalysis papers published between 1975 and 2003 and favoured FDG-PET as the optimal imaging modality. However, studies included for FDG-PET consisted mainly of patients suspected of chronic osteomyelitis and not specifically PTO. Furthermore, in that era, almost no SPECT/CT or PET/CT camera systems existed and acquisition protocols especially for WBC scintigraphy have significantly improved since then [47, 58] . Glaudemans et al. [47] presented the results of a more recent large retrospective study including 297 patients with suspected bone or soft tissue infection of whom 49 PTO patients were analysed by WBC scintigraphy. Fourteen of the 49 PTO patients had a positive scan result and were, therefore, further analysed with SPECT/CT. For PTO, they found a sensitivity of 100%, a specificity of 97.4% and a diagnostic accuracy of 98%. Important to mention is that in this study, labelling protocols were in accordance with current EANM guidelines [58] and scans were acquired correctly with imaging at two time points which make these results more in accordance with current practice.
Choosing the most appropriate imaging technique for PTO remains difficult because there are advantages, disadvantages, pitfalls and contraindications of each option within the field of both nuclear medicine and clinical radiology. First of all, PTO is a condition that occurs in a very heterogeneous patient population. Limited mobility of the patient might not allow dual time point imaging and location of the infection, and comorbidities and metal implants may affect the accuracy of the imaging techniques used. Secondly, what the surgeon needs to establish for proper pre-operative planning is not only the presence of an infection, but also whether there are specific features such as sequestra, cloacae, sinus tracts and intracortical or soft tissue abscesses present. This is also important in cases with no doubt about the diagnosis (for example, in patients with fistula or exposed metalwork) where imaging methods can be used with lower specificity and sensitivity for detecting PTO (such as an MRI scan). Thirdly, for pre-operative planning, it is important to determine fracture position, fracture union and to assess the integrity of implants. This is usually done by more conventional imaging methods which can sometimes be incorporated in the diagnostic workup of PTO (for example: a CT scan to assess fracture union can be omitted when a WBC scintigraphy with SPECT/CT is performed). All these factors need to be taken into account when ordering or advising a specific imaging technique. Establishing the diagnosis of infection is the first requirement for investigating PTO but, as mentioned before, imaging must also give information which allows planning of effective surgical treatment by defining the anatomical distribution of the infected or dead bone. The specific advantages and disadvantages of each imaging modality are summarized below.
Bone scintigraphy alone is not suitable for diagnosing PTO because of its low specificity, but it is relatively cheap and easy to perform with a high sensitivity. Therefore, in chronic cases with low suspicion of PTO, a normal bone scan can be used to exclude an infection.
WBC (or AGA) scintigraphy is a useful technique to diagnose PTO because leucocytes actively migrate to the site of infection and are, therefore, a more specific indicator for osteomyelitis. Also, the addition of the SPECT-CT allows better anatomical localisation and distinction between bone and soft tissue infections. A disadvantage is that performing a WBC scintigraphy is expensive, laborious and time-consuming (with strict labelling protocols and at least two scans on the two following days [19, 47, 58] ).
FDG-PET is a relatively quicker whole-body imaging procedure (one imaging time point 60 minutes after injection) that can be used to detect multiple foci throughout the body. Disadvantages are that recent fractures and the presence of metallic hardware may decrease the accuracy of FDG-PET since FDG uptake will also be increased in inflammatory reactions [59] . Better spatial resolution and metal artefact reduction techniques have improved the quality of both MRI and CT over the last decade [60, 61] and the low costs, quick scanning time and availability make these scans an attractive first choice for many surgeons.
Plain X-rays and CT are specifically useful to image the degree of fracture union and to search for small sequestra, but are less suitable for determining the exact localisation of infected bone.
MRI can demonstrate the extent of bone and soft tissue involvement in cases of PTO but an absolute requirement is that both the surgeon and imaging specialist need to be experienced with interpreting the images in order to not be distract- Clinicians need to be aware of the advantages and limitations of each imaging modality and the potential diagnostic accuracy. The issues of patient comfort, safety and personal experience of the surgeon and imaging specialist are of importance in choosing appropriate imaging techniques [12, 19, 59] . This review highlights the fact that the evidence in the literature is still limited and hampered by heterogeneous patient populations and quickly evolving imaging techniques. It is, therefore, clear that there is a need for further prospective studies on diagnostic imaging of PTO.
Limitations of this study
Firstly, this study provides level 3 evidence on diagnostic imaging of PTO. The number of studies that could be included is limited, imaging techniques are heterogeneous and only four prospective studies met the inclusion criteria. Secondly, the studies were aimed at diagnosing or excluding PTO and did not focus on determining the anatomic distribution of infection for surgical planning. Thirdly, the studies provided limited information on the combination of hybrid imaging techniques such as SPECT/CT and PET/CT for detecting PTO and its extent.
Conclusion
Based on the best available evidence of the last 16 years, both WBC (or AGA) scintigraphy combined with SPECT/CT or FDG-PET combined with CT have the best diagnostic accuracy for diagnosing peripheral PTO.
